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Abstract: Carbon nanodots (CNDs) are a new type of nanomaterial with a size of less than 10 nanome-
ters and excellent biocompatibility, widely used in fields such as biological imaging, transmission,
diagnosis, and drug delivery. However, its potential and mechanism to mediate endothelial inflam-
mation have yet to be explored. Here, we report that the uptake of CNDs by EA . hy926 endothelial
cells is both time and dose dependent. The concentration of CNDs used in this experiment was found
to not affect cell viability. TNF-« is a known biomarker of vascular inflammation. Cells treated with
CNDs for 24 h significantly inhibited TNF-o (0.5 ng/mL)-induced expression of intracellular adhesion
molecule 1 (ICAM-1) and interleukin 8 (IL-8). ICAM-1 and IL-8 are two key molecules responsible for
the activation and the firm adhesion of monocytes to activated endothelial cells for the initiation of
atherosclerosis. ROS, such as hydrogen peroxide, play an important role in TNF-a-induced inflam-
mation. Interestingly, we found that CNDs effectively scavenged HyO, in a dose-dependent manner.
CNDs treatment also increased the activity of the antioxidant enzyme NQO1 in EA.hy926 endothelial
cells indicating the antioxidant properties of CNDs. These results suggest that the anti-inflammatory
effects of CNDs may be due to the direct HyO, scavenging properties of CNDs and the indirect
upregulation of antioxidant enzyme NQO1 activity in endothelial cells. In conclusion, CND can
inhibit TNF-a-induced endothelial inflammation, possibly due to its direct scavenging of H,O, and
the indirect upregulation of antioxidant enzyme NQO1 activity in endothelial cells.

Keywords: carbon nanodots; tumor necrosis factor-alpha; vascular inflammation; ROS

1. Introduction

Cardiovascular diseases (CVDs), commonly known as heart diseases, are diseases of
the heart and blood vessels [1-6]. CVDs are the leading cause of death (18.6 million deaths
annually) worldwide, hence making them a significant health and economic burden [1,7].
The United States alone spent USD 239.9 billion on CVDs in 2018-2019 [7]. According to the
2014 US mortality data, heart disease had the highest death rate for both sexes as well as
across ethnicities. Currently, CVD remains the leading cause of death in the United States,
with 695,000 deaths in 2021 [7-9].

Among the many forms of CVDs, atherosclerosis, which is characterized by the thick-
ening of the blood vessels caused by plaque buildup in the inner lining of the blood vessels,
is one primary form of CVDs [10-14]. Although the pathogenesis of atherosclerosis is
complex, accumulating data show that inflammation and the subsequent dysfunction of
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endothelial cells play a fundamental role in the initiation and progression of atherosclero-
sis [11,12]. Pro-inflammatory molecules, including thrombin, tumor necrosis factor-alpha
(TNF-a), macrophage chemoattractant protein-1 (MCP-1, also known as CCL2), interleukin
8 (IL-8), E-selectin, P-selectin, vascular cell adhesion molecule-1 (VCAM-1), and intracellular
adhesion molecule-1 (ICAM-1) have been implicated in the development of atherosclero-
sis [15-18]. Studies show that TNF« is an important pro-inflammatory mediator. Endothe-
lial inflammation is essential in developing atherosclerosis, and searching for agents that
can inhibit the expression of inflammatory molecules in vascular endothelial cells is an
effective way to prevent or treat CVD.

Recently, nanotechnology has received widespread attention in biomedicine. Carbon
nanodots (CNDs) are spherical or quasi-spherical structured photoluminescent nanopar-
ticles smaller than 10 nm. Due to its good water solubility and biocompatibility, these
nanodots have broad application prospects in bioimaging, biosensing, and improved drug
delivery [19-24]. CNDs have abundant surface functional groups, high solubility, and
photoluminescence (PL), with emission ranging from UV to near-infrared light. CNDs PL is
affected by the nanoparticle size and surface functional groups [25,26]. Different quantum
yields (QY) of CNDs can be achieved by adjusting the synthesis route. Zhu et al. synthe-
sized CNDs using citric acid and ethylenediamine. Surface passivation with molecules
such as polyethylene glycol can improve QY, and its QY is as high as 80.6% [27-29]. Green
synthesis using carbon precursors can produce CNDs with low toxicity and high quantum
yield, making them promising candidates for biomedical applications such as therapeutic
delivery and bioimaging. Efforts in CND synthesis have focused on fine tuning for potential
nuclear translocation, an important aspect of cancer therapy, overcoming the challenge of
CNDs remaining primarily in the cytoplasm [21,22]. Studies have also previously shown
that CNDs can track biological processes inside cells [30], deliver doxorubicin to cancer
target cells [31,32], and scavenge radicals during oxidative stress [33,34]. Zhang et al.
used a microwave route to synthesize CNDs with citric acid and urea as precursors [35].
These same CNDs were analyzed for antioxidant activity through the nitrogen-centered
2-2-diphenyl-1-picrylhydrazyl radical (DPPHe) assay, which is a well-established assay
used to measure antioxidant activity [36-38] by measuring the absorbance of DPPHe. The
results showed that with increasing concentrations of CNDs, antioxidant activity increased,
suggesting the potential bio-application of CNDs in scavenging free radicals [35].

Previous studies demonstrate that endothelial inflammation induced by TNF-« plays
a fundamental role in the initiation and progression of atherosclerosis. The transcriptional
regulation of cytokines and vascular adhesion molecules are responsible for leukocyte
adhesion to activated endothelial cells [39,40]. However, the effect of CNDs on endothe-
lium has not been reported; in particular, its potential role in TNF-a-induced endothelial
inflammation needs to be explored. Human EA.hy926 endothelial cells are widely rec-
ognized for their expression of intercellular adhesion molecule 1 (ICAM-1), E-selectin,
and other important endothelial cell surface biomarkers [41-43]. EA.hy926 is one of the
best-characterized vascular endothelial cell lines. It has been used as a model for various
vascular studies and screening of potential anti-atherosclerotic natural compounds such as
Isoquercitrin and Shixiao San [41,42]. The main purpose of this study was to investigate the
uptake and role of CNDs in the modulation of TNFa-induced inflammation in EA.hy926
endothelial cells. The ability of CNDs to scavenge hydrogen peroxide was also examined.
This study provides new insights into the anti-inflammatory potential of CNDs and their
potential therapeutic effect on inflammatory diseases, especially atherosclerosis.

2. Materials and Methods
2.1. Materials

EA.hy926 endothelial cells (CRL-2922 ™) from ATCC were purchased. For cell cultur-
ing, Dulbecco’s Modifies Eagles Medium (DMEM) was acquired from Gibco (12100-061
(Waltham, MA, USA)), and both the fetal bovine serum (FBS 26140-079) and penicillin—
streptomycin (15140-122) were purchased from Gibco. For cell viability, thiazolyl blue
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tetrazolium bromide was bought from Sigma (298-93-1 (St. Louis, MO, USA)), and an
Invitrogen (Waltham, MA, USA) molecular probe kit for flow cytometry was acquired
(BMS306F1-300). PermaFluor Mountant for Imaging came from ThermoFisher Scientific
(TA-006-FM (Waltham, MA, USA). For gene expression, the following reagents were pur-
chased from Invitrogen: 10 mM dNTP (18427-013), random primers (58875), M-MLV
reverse transcriptase (28025-013), and 5X first strand buffer (Y02321). SYBR-Green was
purchased from Applied Biosystems (4367659 (Waltham, MA, USA)), and primer se-
quences (see sequences in the qRT-PCR section) were purchased from Eurofins (Luxem-
bourg). Apolipoprotein mice were obtained from Jackson Laboratory (002052 (Bar Harbor,
ME, USA)).

2.2. Cell Culture

Human endothelial cells EA.hy926 were purchased from ATCC (Manassas, VA, USA)
and grown in complete Dulbecco’s Modifies Eagles Medium (DMEM) containing 10%
fetal bovine serum and 1% penicillin-streptomycin. Cells were cultured in 72 cm? Cellstar
cell culture flasks and kept in a humidified incubator at 37 °C and 5% CO,. Cells were
replenished with fresh media every two days; cells were passaged according to ATCC’s
sub-culturing procedure when cells were 90% confluent.

2.3. Carbon Nanodot (CND) Synthesis and Characterization

Carbon nanodots (CNDs) were synthesized and characterized following our published
method [44,45]. Briefly, CNDs were synthesized by mixing 0.96 g of citric acid (CA) and
1 mL of Ethylenediamine (EDA) in 1 mL of deionized water. The solution was heated in
a microwave synthesizer (CEM Corp 908005 (Matthews, NC, USA)) at 300 W for 10 min.
To purify the CNDs, the solid was dissolved in DI water and dialyzed through a dialysis
membrane with MWCO (molecular weight cut out) of 1000 Da for 24 h. The structure
of CNDs was characterized using Fourier transform infrared spectroscopy (FTIR, Varian
670 (Palo Alto, CA, USA), and the size and morphology were characterized by atomic
force microscopy (AFM, Agilent 5600LS (Santa Clara, CA, USA)). X-ray diffraction (XRD,
Agilent Technologies Oxford Gemini, The Woodlands, TX, USA) was used to analyze the
crystal structure of the CNDs. To study the chemical content and the structure of the
CNDs, Fourier transform infrared spectroscopy (FTIR) was performed. The fluorescence
intensity peaks were measured using a Cary fluorescence spectrophotometer to find the
emission and excitation wavelengths for the CNDs. The CND concentration in distilled
water for analysis was 0.06 mg/mL. The surface chemistry of CNDs was studied using
carbon 1s X-ray photoelectron spectroscopy (XPS, ESCALAB 250 Xi, Thermo Fisher, West
Sussex, UK).

2.4. CND Treatments

EA hy?296 cells were treated with CNDs with various concentrations for 24 h in Hank’s
Balance Salt Solution (HBSS) media (pH, 7.4, containing glucose 1.0 g/L and. 0.35 g/L
sodium bicarbonate without Ca?*, Mg?*). Before treating cells with CNDs, cells were rinsed
with 7 mLs of 1X Phosphate-buffered Saline (PBS), the solution was decanted, and the
treatment media was added.

2.5. CNDs Uptake Assay

Using the excitation and emission spectra of CNDs (the excitation and emission
wavelengths of CNDs are 350 nm and 461 nm, respectively), a CND standard curve was
created by measuring fluorescence at known concentrations of CNDs (0.005, 0.001, 0.05, 0.1,
and 0.15 mg/mL) using a fluorescent plate reader (300 uL per standard). The associated
data points are then plotted (CND concentration on the x-axis and fluorescence intensity on
the y-axis), and a standard curve is generated. Cells were treated in a time-dependent and
dose-dependent manner. When treatment was over, treatment media was decanted, and
cells were rinsed twice with 7 mLs of 1X PBS. Cells were harvested using a cell scraper and
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centrifuged at 5000 g rpm for 5 min at 4 °C. The supernatant was decanted, and 900 puL of
1X PBS was used to suspend the cells. A black opaque 96-well plate was used to transfer
300 pL of suspended cells in technique triplicates. Fluorescence was then read using a
Bio-Tek® Synergy 2™ plate reader at 360/20 excitation and 460/20 emission. According
to the standard curve, the concentration of CNDs (in the 300 uL. PBS solution) can be
calculated and then multiplied by the total 300 pL to obtain the total amount of CNDs for
endothelial uptake.

2.6. Flow Cytometry Assay

Cells were treated in HBSS media and various concentrations of CNDs for 24 h;
treatment media was collected, cells were trypsinized, and cold DMEM was used to
neutralize trypsin and collected. Cells were centrifuged at 1000x g rpm at 4 °C for 5 min.
Cells were washed with PBS, counted, and centrifuged in Eppendorf centrifuge tubes at
5000x g rpm at 4 °C for 5 min. The supernatant was decanted, and the resulting pellet
was re-suspended in the appropriate volume of 1X binding buffer to produce a target cell
concentration range of 1 x 10° and 1 x 10° cells per mL. In a flow cytometry tube, 100 pL
of suspended cells were transferred, 5 uL. of Annexin-V-FITC was added, followed by 1 pL
of 7-AADD. Cells were kept on ice and incubated in the dark for 15 min. After incubation,
400 pL of the 1X binding buffer was added to the cells, and samples were analyzed using
Guava® EasyCyte Flow Cytometer (New York, NY, USA).

2.7. qRT-PCR

EA hy926 cells were treated with CND only and 0.5 ng/mL TNF-« co-treatments.
Cells were rinsed after treatment, and 1 mL of RNA isolation reagent was added to the
treatment plate. Cells and solution were then transferred to a microcentrifuge tube and
incubated for 5 min at room temperature (RT). After incubation, 200 puL of chloroform was
added, followed by a 3 min RT incubation. The RNA extraction supernatant was spun at
12,000 rcf for 15 min at 4 °C. The aqueous phase was transferred to another tube, and 500 pL
of isopropanol was added and incubated for 10 min RT. The supernatant was centrifuged
at 12,000x g rcf for 10 min at 4 °C. The supernatant was decanted, and the RNA pellet
was washed twice with 1 mL 75% ethanol and spun at 7400 rcf for 5 min at 4 °C. On the
last wash, the supernatant was decanted, and the tube was inverted to air dry for 10 min.
The RNA pellet was eluted in 15 uL of DEPC water and incubated for 20 min RT. RNA
concentration was quantified, and cDNA was made after RNA was diluted to 500 ng/pL.
Gene primer master mix was made, cDNA was diluted to a 1:9 ratio with DEPC water,
19 uL of the gene master mix was used per well, and 1 puL of cDNA was used to plate.

Primers and Sequences

Target Gene Forward Reverse
GAPDH 5'-CGACCACTTTGTCAAGCTCA-3'  5-AGGGGTCTACATGGCAACTG-3
ICAM-1 5-GGCTGGAGCTGTTTGAGAAC-3'  5-ACTGTGGGGTTCAACCTCTG-3'
IL-8 5-TAGCAAAATTGAGGCCAAGG-3'  5-AAACCAAGGCACAGTGGAAC-3

2.8. Cell Fixation CNDs

Cells were grown on coverslips and treated for 24 h with various CND concentrations
in HBSS media. Coverslips were washed three times in 1X PBS twice and incubated in 3.7%
PFA for 7 min. Coverslips were rinsed twice with 1X PBS following PFA fixation. To mount
coverslips to slides, 15 puL of Epredia PermaFluor Mountant media (TA-006-FM (Waltham,
MA, USA) was used. Slides were left overnight to set. Imaging was carried out using the
Keyence BZ-X710 (Osaka, Japan) fluorescence microscope.
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2.9. Hydrogen Peroxide Assay

Hydrogen peroxide (HyO,) was measured using a luminol-derived chemilumines-
cence (CL) assay as previously described [46]. Briefly, each microcentrifuge sample tube
was added 10 uM luminol, 10 uM horseradish peroxidase, and 500 uM H,O; in the presence
or absence of 0.03 mg/mL, 0.3 mg/mL, and 0.6 mg/mL of CNDs in 1 mL of PBS mixture
and maintained at 37 °C for 30 min. To check whether the assay is H,O, specific, 500 U/mL
catalase (CAT) was added in the presence of 10 uM luminol, 10 uM horseradish peroxidase,
and 500 pM H,O,. Chemiluminescence was recorded as previously reported [46].

2.10. Antioxidant Sample Preparation

Treated EA.hy926 endothelial cells were harvested by decanting the media and rinsing
twice with sterile 1X PBS. Cells were then trypsinized using 1.5 mL of trypsin and incubated
for 3-5 min. Trypsin was inactivated by adding 7 mL of complete DMEM containing 10%
fetal bovine serum; the collected cells were centrifuged at 1000x g rpm for 7 min at 4 °C.
The pellet was suspended in 1 mL of PBS, transferred to a microcentrifuge tube, and spun
at 5000 rpm for 5 min at 4 °C. PBS was decanted, and the pellet was suspended in 250 uL
of tissue buffer (60 Mm K,HPO,/KH,PO4 + 1 mM EDTA pH 7.4 + 0.1% Triton-100). Cells
were sonicated three times for 15 s with a 5 s resting period in between. The sonicated cells
were spun at 13,000 rpm for 10 min at 4 °C. The antioxidant supernatant was transferred to
a sterile microcentrifuge tube and stored at —80 °C.

2.11. Total Protein Assay

Pierce Coomassie (Bradford) Protein Dye was used for this assay, 800 pL of the dye
was added to a test tube, followed by 6 uL of the antioxidant sample. For the standard,
10 uL of BSA 1.48 mg/mL was used, and the final volume in each test tube was 800 puL.
Absorbance was read at 595 nm.

2.12. Total NADPH Quinone Oxidoreductase-1 (NQO1) Assay

Antioxidant sample lysate was used for the assay. A sensitive NQO1 reaction mixture
was made using 12 mLs NQO1 Buffer (50 mM Tris-HCL, 0.08% TritonX-100 pH 7.5); 48 uL
of 20 mM dichlorophenolindophenol (DCPIP) and 36 pL of 50 mM nicotinamide adenine
dinucleotide phosphate (NADPH). In a cuvette, 698 pL of the NQO1 reaction mixture
and 2 pL of antioxidant lysate sample were added, inverted, and immediately measured.
Total NQO1 was obtained by reading the absorbance (600 nm every 15 s for 3 min) using a
Beckman Coulter DU800 spectrophotometer (South San Franciso, CA, USA).

2.13. Glutathione Reductase (GR) Assay

Antioxidant lysate samples were used for this assay. In a cuvette, 465 uL of GR buffer
(50 mM K,HPO, /KH;PO4 1 mM EDTA pH 7.0), 60 pL of 20 mM GSSG, and 15 pL of the
antioxidant sample (tissue buffer for blank) were added. The assay mixture was incubated
for 3 min at 37 °C in the DU800 spectrophotometer. After incubation, 60 uL of 1.5 Mm
NADPH was added, and cuvettes were inverted with parafilm and read at 37 °C, 340 nm,
30 s intervals for 5 min.

2.14. Glutathione S-Transferase

The light-sensitive GST reaction mixture was made with 10 mL GST buffer (0.1 M
KyHPO,4/KH,PO4 pH 6.5), 30 mg of bovine serum albumin (BSA), 200 puL of 50 mM 1-
chloro-2,4-dinitrobenzene (CDNB) in ethanol, and 100 uL of 100 mM GSH. The DUS800
spectrophotometer was blanked with a cuvette containing 585 uL of the reaction mixture
and 15 pL of tissue buffer. Antioxidant lysate samples were used for this assay. Each
cuvette for each sample contained 585 pL of the reaction mixture and 15 pL of the sample.
The cuvette was inverted to mix the sample and read at 340 nm every 30 s for 5 min
at 25 °C.
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3. Results
3.1. Characterization of CNDs

Carbon nanoparticle synthesis provides unique features to nanomaterials. Characteri-
zation of CNDs, including photoluminescence properties, surface functional groups, and
structure, is important for understanding their functional roles in biology. The nanoparti-
cles used in this study possess their own fluorescence. Prior to conducting experiments,
we verified the photoluminescence characterization of CNDs through ultraviolet-visible
spectrophotometry (Figure 1A,B). The excitation and emission of CNDs were found to
be 350 nm and 461 nm, respectively. To further verify the photoluminescence proper-
ties, we measured the emission CNDs for the following wavelengths: 320 nm, 340 nm,
360 nm, 380 nm, 400 nm, and 420 nm. Figure 1B shows that the emission peaks for different
excitations are found at about 460 nm, suggesting that the synthesized CNDs are excitation
independent.

The surface functional groups of CNDs were examined using XPS. The XPS survey
spectra show characteristic peaks corresponding to C1s (283.89 eV), O1s (530.88 eV), and
N1s (398.85 eV) (Figure 1C), confirming the presence of C, O, and N elements. The high-
resolution N1s XPS spectrum exhibits three peaks located at 398.73 eV [(-((C3N3)2(NH)3)-
)n, 64.5%], 399.8 eV [Pyridinic N, 13.16%], and 397.7 eV [C¢H5CN, 22.35%] (Figure 1D).
High-resolution Cls XPS spectra demonstrate that four components were detected at
283.09 eV [C-O, 22.15%)], 287.14 eV [C-N, 10.88%], 283.6 eV [(CeHsNCgHy)n, 28.11%], and
284.18 eV [C=C/C-C, 38.86%] (Figure 1E). The results of deconvolution treatment for the
high-resolution O1 s spectrum of the sample reveal two peaks centered at 530.36 eV [HC
(O)OH, 79.44%] and 531.89 eV [(-CH,(CH;)3CH,C(O) NH-)n, 20.56%] (Figure 1F).

XRD was used to examine the crystallographic structure of CNDs. The XRD graph
of CNDs reveals distinct peaks at various 26 angles, indicating the crystalline structure of
the material (Figure 1G). The highest peak was recorded at 26 = 18.7°, which suggests a
major crystallographic plane, with a Full Width at Half Maximum (FWHM) indicating the
broadness of the peak. The comparatively narrower peak suggests higher crystallinity in
our results, unlike amorphous forms of carbon dots [47].

Additional peaks were recorded at 20 = 40°, between 80° and 90°, and near 100° signify
the presence of other crystalline phases or orientations, contributing to the overall structural
characteristics of the CNDs. However, the presence of these additional peaks shows that
the CNDs were polycrystalline with other crystalline planes with distinct crystallographic
features [48].

FTIR was used to characterize the structure of the CNDs. FTIR spectrum (Figure 1H)
displays broad bonds at 3000-3600 cm ™!, which are assigned to amine (N-H) and hydroxyl
groups (OH). The N-H functional groups confer good hydrophilicity and stability of the
CNDs in aqueous media [49]. The OH functional groups impart several properties to
the molecule, including its polarity, water solubility, and ability to form hydrogen bonds
with other molecules [50]. The bands at 1699 cm ™! originate from the vibrations of amide
carboxyl (C=0) stretching. The bands at 1550 cm ! are origin from the vibration of imine
(C=N) stretching. The peak at 1174 cm ! is ascribed to C-N bonds stretching in primary
amines. Furthermore, the peak at 1076 cm ™! is attributable to either the C-O stretching
vibrations or stretching C-O-C vibrations.
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Figure 1. Characterization of CNDs. (A,B) Photoluminescence of CNDs was measured by Cary
Eclipse TM Fluorescence Spectrophotometer. (A) The excitation intensity peak is at 350 nm, and
the emission intensity peak is at 461 nm. (B) CNDs are excitation independent; the emission was
analyzed after CNDs were tested at several excitation wavelengths. The highest emission is reached
at 360 nm. (C-F) XPS Survey spectra of CNDs. (G) XRD Spectra of CNDs, and (H) FTIR Spectrum

of CNDs.
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3.2. CNDs Uptake in EA.hy926 Endothelial Cells

Photoluminescent characterization was important for our experiments to study CND
uptake using fluorescence microscopy. Using the excitation and emission spectra of CNDs,
fluorescence imaging was carried out after a 24 h exposure of 0, 0.3, and 0.6 mg/mL CNDs
in EA hy926 endothelial cells. The DAPI channel was used to observe fluorescence in
EA hy926 cells after CND exposure. As expected, the control group (Figure 2A, panel
i) does not have fluorescence under the DAPI channel. The cells treated with 0.3 and
0.6 mg/mL CNDs for 24 h showed fluorescence, indicating that the nanomaterial goes into
the cells (Figure 2A, panels ii and iii). Before quantifying the number of CNDs that enter
the cells, a carbon nanodot standard curve was created by measuring the fluorescence of
known concentrations (Figure 2B). A regression line was created and used to calculate CND
uptake. As shown in Figure 2C, EA.hy926 cells were treated with various concentrations of
CNDs for 24 h, and uptake was quantified. CND uptake with the tested concentrations
was found to be dose dependent. CND uptake analysis shows that nanomaterial uptake is
also time dependent (Figure 2D).

©) (D)
CND Standard
y =830.15x - 0.9391 g 60 . 5
R2=0.9991 = £ . T
= * g *
=0 - .anlll
- * by
23 10 315 -
a S
= s
g o a
0.05 0.1 0.15 c 003 015 03 & 08 i 5 i @
CND [mg/mL] CND [mg/mL] Time (hrs)

Figure 2. (A) Fluorescence in EA.hy926 human endothelial cells treated with increasing concentra-
tions of CNDs after 24 h exposure. Panel (i-iii) shows an increase in fluorescence with increasing
concentrations: (i): control; (ii): 0.3 mg/mL; (iii): 0.6 mg/mL. Cells were imaged using a Keyence
microscope using a scale of 50 um. (B) CNDs standard curve used to quantify CNDs uptake. The
fluorescence of known concentrations of CNDs was measured in a microplate reader, and a line of
regression was created to calculate nanomaterial uptake in cells. (C) EA.hy926 endothelial cellu-
lar uptake of CNDs. EA.hy926 endothelial cells were treated with CNDs in HBSS media for 24 h.
(D) Time-dependent cellular uptake of CNDs. Time-dependent analysis of CND uptake of endothelial
cells exposed to 0.15 mg/mL fluorescence was quantified via Bio-Tek Synergy 2.0 microplate reader.
Nanodot uptake was calculated through the use of a standard curve. All data represent mean + SEM.
* p < 0.05 compared to the control group (n = 3).

3.3. Cell Viability Determined by Flow Cytometry

To further confirm the effect of CNDs on cell viability, the Annexin-FITC flow cytome-
try assay was used to analyze cells undergoing apoptosis and necrosis. Cells undergoing
apoptosis are identified through the binding of the Annexin V-FITC conjugate to phos-
phatidylserine, a phospholipid cell membrane component normally located in the inner
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leaflet of the membrane that translocates to the outer surface during apoptosis. The CND
concentrations used to analyze cell viability were 0 mg/mL, 0.03 mg/mL, 0.3 mg/mL, and
0.6 mg/mL (Figure 3A,B). Hydrogen peroxide, known to affect metabolic activity, was used
as the positive control. Figure 3 depicts the viability of EA.hy926 cells following a 24 h
exposure to CNDs. The results indicate no significant difference in cell viability between
the control and CND-treated groups (Figure 3A,B). Flow cytometry plots are read in the
following manner: the viable cells are plotted in the bottom left quadrant, and the cells
undergoing early apoptosis are in the bottom left quadrant. The top left quadrant is where
necrotic cells are plotted, and the top right quadrant is where late apoptotic cells are plotted.

(A) 120
X 90-
z
o= *
E 60
>
8 30
0_
0 0.03 0.3 0.6 H202
CND [mg/mL]
(B)
0 mg/mL .. 003mg/mL 03 mg/mL 0.6 mg/mL 800uM H,0,
%{,mr? gwuu %wch 0l0e2: S‘w

ol T T S I L S U i oy T T Ty T
Figure 3. Cell viability was analyzed through the Annexin-FITC flow cytometry assay after 24 h
of exposure. EA.hy926 cells were treated with HBSS media for 24 h for the (left to right) control,
0.03 mg/mL, 0.3 mg/mL, 0.6 mg/mL, and 800 uM H,O; as the positive control treatments. (A) Flow
cytometry plots. (B) Quantified cell viability graphs. Data shown are mean + SEM (n = 3). * p < 0.05
compared to the control group (n = 3).

3.4. HyO; Scavenging Ability of CNDs

A luminol-derived chemiluminescence assay was used to study the HyO, scavenging
ability of CNDs. The chemiluminescence reaction was completely inhibited by catalase, con-
firming that the assay is HyO, specific (Figure 4A,B). The addition of CNDs to the reaction
showed a dose-dependent decrease in chemiluminescence compared to the control, indicat-
ing that 0.01-0.3 mg/mL CNDs have a strong H,O, scavenging capacity (Figure 4C,D).

3.5. Effects of CNDs on TNF-a-Induced Expression of Pro-Inflammatory Genes

Atherosclerosis is an inflammatory disease mediated by pro-inflammatory markers.
Therefore, we used qRT-PCR to measure CNDs’ effects on TNF-«-induced mRNA levels of
several pro-inflammatory genes. EA.hy926 cells were co-treated with 0.5 ng/mL TNF-o
and increasing concentrations of CNDs for 24 h. Figure 5A shows a significant decrease in
the relative gene expression of the ICAM gene following co-treatments with 0.3 mg/mL
CNDs compared to TNF-a-induced expression of ICAM. As shown in Figure 5B, there is a
significant decrease in mRNA levels of IL-8 at 0.03 and 0.3 mg/mL concentration of CNDs
co-treatments when compared to TNF-« only.
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Figure 4. H,O; scavenging ability of CNDs: (A) the luminol-derived chemiluminescence (CL) is HyO,
specific. Upon the addition of 500 U/mL catalase, the intensity of CL significantly decreases compared
to the experimental group without catalase. (B) Real-time changes in CL intensity under catalase
action. (C) CNDs demonstrate dose-dependent H,O, scavenging properties. As the concentration of
CND:s increases from 0.03 mg/mL to 0.6 mg/mL, there is a dose-dependent significant decrease in
CL intensity. (D) Real-time changes in CL intensity under the action of CNDs. *** p < 0.001 compared
to the Luminol + HRP group. * p < 0.05 compared to the Luminol + HRP group (n = 3) and # p < 0.05
compared to the Luminol + HRP group + HyO, (n = 3).
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Figure 5. Effects of CNDs on TNF-a-induced expression of pro-inflammatory genes. EA.hy926
cells were co-treated for 24 h with various concentrations of CNDs and 0.5 ng/mL TNF-o. Gene
expression was normalized using GAPDH as the housekeeping gene. (A) Gene expression of IL-8
genes induced by co-treatments. Our data show a gradual decrease in the target gene expression
after co-treatments. (B) Gene expression of ICAM genes induced by co-treatments. The data shown
demonstrate a decrease in expression with increasing CND concentration co-treatments (data are in
mean + SEM (n =9), # p < 0.05 compared to the control group (n = 3) and * p < 0.05 compared to the
TNF-« group (n = 3).

3.6. Increase in NOQ1 Activity by CNDs after 24 h

To further examine the intracellular effects of CNDs, we measured the activity of phase
II detoxifying enzymes important to xenobiotic biotransformation and excretion. Cells
were treated for 24 h with 0 mg/mL, 0 mg/mL, 0.03 mg/mL, and 0.3 mg/mL of CNDs.
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Samples were prepared to measure the activity of phase II detoxifying enzymes through
enzyme kinetic assays. NQO1 activity was significantly increased in 0.03 and 0.3 mg/mL of
CND treatments, as seen in Figure 6A. The activity of glutathione s-transferase (Figure 6B)
and glutathione reductase (6C) did not differ significantly compared to the control.
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Figure 6. Increase in NOQ1 activity by CNDs after 24 h. Antioxidant lysates were produced after
CND exposure for 24 h in HBSS media. (A) NQO1 is an enzyme that scavenges for ROS, total activity
was measured when compared to the control, 0.03 mg/mL and 0.3 mg/mL CNDs were statistically
significant. (B) The quantified GST activity for the conditions is not statistically significant compared
to the control. (C) GR activity in the treatments is similar to the control; GR reduces GSSG to GSH,
an important phase I enzyme. Data are in mean + SEM (n = 3). * p < 0.05 compared to the control
group (n = 3).

4. Discussion

In this study, we have demonstrated that the emission peaks of CNDs under dif-
ferent excitations are at about 460 nm, suggesting that the photoluminescence prop-
erties of this nanoparticle are excitation independent. Our results are consistent with
previous reports that CNDs can be excitation independent according to the synthesis
method [27,51-53]. This excitation-independent photoluminescence property (Figure 1A,B)
allows for analyzing carbon nanodot uptake in EA.hy926 endothelial cells. Using spec-
trofluorometric measurement, our study demonstrated that CND uptake is both time and
concentration dependent in endothelial cells (Figure 2C,D). Carbon nanodot uptake by
endothelial cells was further verified through fluorescence microscopy. Currently, there
is limited literature evaluating the cellular uptake of CNDs into living cells. In this con-
text, our results present, for the first time, direct evidence that CNDs can enter EA.hy926
endothelial cells at a concentration as low as 0.03 mg/mL. Our research group recently
demonstrated that endocytosis involves CND uptake by human microvascular endothe-
lial cells [54]. However, there may be other routes of absorption. Other nanoparticles,
such as quantum dots (QDs), may follow different internalization pathways. QDs have
been documented to enter HeLa cancer cells through macropinocytosis and cell receptor-
mediated endocytosis [55,56]. Due to shared characteristics, whether the entry mechanism
of CNDs in the endothelial cells is like that of quantum dots in HeLa cancer cells remains
under investigation.

The cell membrane protects intracellular components against the surrounding envi-
ronment. When xenobiotics enter cells, they may cause toxic or adverse effects if the levels
reach high concentrations. Although previous studies have documented the cytotoxicity of
CNDs in different cell lines, cytotoxicity has not been analyzed in endothelial cells. Thus, it
is important to determine potential toxic concentrations and the mechanism of toxicity of
CND:s to endothelial cells. To confirm the effects of CNDs on endothelial cell viability, the
Annexin V-FITC with 7-AAD flow cytometry assay was used. Flow cytometry analysis of
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cell viability showed that the CND concentration used in this experiment did not affect cell
viability after 24 h (Figure 3A,B), indicating that the CND dose is safe for endothelial cells.

Previous studies demonstrate that TNF-o plays a fundamental role in endothelial
inflammation and initiation of atherosclerosis. This study further analyzed the effect of
CNDs on TNF«x-induced endothelial inflammation. TNF-o is a homotrimer cell signaling
protein, or cytokine, which is known to activate the endothelium, creating an inflamma-
tory response. Pro-inflammatory mediators that play a crucial role in the progression of
atherosclerosis are cytokines and surface adhesion molecules such as interleukin 8 (IL-8)
and intracellular adhesion molecule 1 (ICAM-1) [15-18]. Previous studies show that a de-
crease in gene expression in IL-8 can reduce the progression of atherosclerosis [57-59]. The
expression of ICAM-1 and other vascular adhesion molecules on the surface of endothelial
cells is crucial to the progression of plaque development because of their roles in firm mono-
cyte adhesion to the damaged endothelium. ICAM-1 can bind to the function-associated
antigen (LFA-1) on activated leukocytes; this process helps leukocytes migrate to the tunica
intima [60]. Thus, these molecules have been widely accepted as excellent biomarkers of
vascular dysfunction [61-64]. Concurrent with previous studies [65,66], our investigations
showed that exposure of EA.hy926 endothelial cells to TNF-« significantly induced the
expression of IL-8 and ICAM-1, indicating the critical role of these chemokines/adhesion
molecules in TNF-a-induced vascular inflammation. TNF-a-induced IL-8 expression is
decreased significantly with increasing CND exposure, suggesting the decrease in IL-8 to
activate and recruit leukocytes to the site of inflammation. Likewise, CND concentrations
as low as 0.3 mg/mL also inhibited TNF-o-induced ICAM-1 expression. These results
demonstrated the anti-inflammatory effect of CNDs in a dose-dependent manner.

Studies have shown that reactive oxygen species (ROS) such as hydrogen peroxide
ROS (such as hydrogen) play an important role in TNF-o-induced inflammation [67-70].
These reactive oxygen species have been shown to regulate TNF-o by activating various pro-
inflammatory cytokines [71]. Luminol has been widely used as a chemiluminescent probe
for detecting hydrogen peroxide levels under different experimental conditions. In this
system, luminol-derived chemiluminescence in the presence of horseradish peroxidase is
known to detect HyO, production. The results of our chemiluminometric assay indicate the
H;0; scavenging ability of CNDs (0.03-0.3 mg/mL) increased dose dependently (Figure 4).
These data suggest that CNDs have direct scavenging activity against HyO,, which may
partially explain their anti-inflammatory effects in vitro. It is unclear whether TNF-« can
directly stimulate EA.hy926 endothelial cells to stimulate hydrogen peroxide production in
mitochondria. Previous research demonstrated that complexes I and III of the mitochondrial
electron transport chain can generate superoxide radicals. Mitochondrial complex I has
been shown to release superoxide specifically into the mitochondrial matrix, while complex
III releases superoxide to the matrix and intermembrane space [72]. Superoxide radicals
are then detoxified by mitochondrial superoxide dismutase (5OD2), producing hydrogen
peroxide [73-76].

We further investigated whether the anti-inflammatory effects of CNDs are mediated
through other redox mechanisms, such as the induction of endogenous antioxidants and
phase 2 enzymes in endothelial cells. Important antioxidants in the vasculature that protect
against oxidative stress by quenching ROS include NQO1, GST, and GR [77]. NQO1
is a cytoprotective enzyme; one of its many known functions consists of the 2 electron
reduction of quinines, along with decreasing the radical formation of semiquinones and the
resulting ROS [78]. An additional function is to sustain the levels of important antioxidants
like ubiquinone and vitamin E by reducing their derivatives to antioxidants [79,80]. It
has also been established that NQO1 scavenges superoxide anion radicals, protecting
vasculature from oxidative stress [78,81]. Interestingly, studies have shown that NQO1 is
expressed at much higher levels in cardiovascular tissue than in other tissue types [82].
Therefore, we explored whether CND treatment could increase the activities of NQO1 in
cultured EA.hy926 endothelial cells. Interestingly, our results show that only the activity of
NQOL1 increased (Figure 6A). In agreement with previous studies outlining the significant
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role of NQOIL in the maintenance of vascular homeostasis [83], our data suggest that
NQO1 may be a cytoprotective mechanism of CNDs to protect against TNF-a-induced
endothelial inflammation. We have previously reported that NQO1 levels are much higher
in cardiovascular cells, including endothelial cells, smooth muscle, and cardiac H9c2
cells, than in other cell types, including bone marrow stromal cells, human SH-SY5Y
neuronal cells, and human Caco-2 carcinomas [82,84]. It has been demonstrated that
purified NAD(P)H:quinone oxidoreductase 1 (NQO1) can scavenge superoxide, and that
this occurs only when NQOI levels are high and superoxide dismutase (SOD) levels are
low [82,84,85]. Future studies should examine SOD levels in Ea.Hy926 cells to explore the
relationship between changes in SOD levels and upregulation of NQO1 enzyme content by
CNDs (Figure 6). In our previous study on HMEC-1 cells [54], cells were treated with CNDs
for 6 h, and a significant increase in HO-1 gene expression, but not NQO1, was detected
using qPCR. In the current study, EA.hy926 cells treated with CNDs for 24 h significantly
increased NQOL1 activity in EA.hy926 endothelial cells (Figure 6), which may be due to
the longer exposure time. The possible reason why CNDs did not increase NQO1 gene
expression in our previous study [54] in HMEC cells after 6 h of exposure was that the
exposure time was short. It is also important to note that EA.hy926 and HMEC-1 cell lines
have distinct transcriptomic profiles [86] and previous studies have suggested that these
endothelial cells may have similar phenotypes but may respond differently to compounds
such as the senolytic drug ABT-263 [87]. However, it is unclear how CNDs increase cellular
NQOT1 activity in endothelial cells. Activation of nuclear factor erythroid 2-related factor 2
(Nrf2) /Keap-1/ARE signaling has been proposed in concurrent studies to play an essential
role in the expression of intracellular NQO-1 [88]. Further investigation is required to
examine the nuclear translocation of Nrf2 to understand the effect of CNDs on NQO1
enzyme activity. Understanding the mechanism of action by which CNDs activate NOQ1
is essential due to the role of NOQ1 in regulating healthy vascular homeostasis.

In our previous study on HMEC-1 cells [54], CNDs at concentrations ranging from
0.1-0.3 mg/mL were found to reduce TNF-a-induced endothelial inflammation. However,
high concentrations of TNF-« (10 ng/mL) were used to induce changes in pro-inflammatory
biomarkers in HMEC-1. In this study, a very low concentration of TNF-« (0.5 ng/mL) was
used. Many studies have reported that levels of TNF« in human plasma from patients with
various inflammation-induced diseases [89-91] are well below the level (10 ng/mL) used
to elicit maximal responses in many experimental studies [92-99]. Therefore, the results
of this study of CNDs on TNF-« at a low concentration of 0.5 ng/mL may have more
clinical significance. Furthermore, the exposure times of CNDs in the two different cell
models were completely different. In previous studies on HMEC-1 cells, CND treatment
was performed for a short period of only 6 h. This study exposed Eahy.926 cells to CNDs
for a longer period of time, 24 h. In addition, this study is the first to report that CNDs have
H,0O, scavenging ability, and its scavenging ability increases in a dose-dependent manner,
indicating that CNDs have direct scavenging activity on H,O,, which may partially explain
its in vitro anti-inflammatory effect.

5. Conclusions

In summary, our study provided a biological characterization of CNDs in EA.hy926
endothelial cells. Utilizing the intrinsic fluorescence of CNDs, it was found that incubation
of EA hy926 cells with CNDs resulted in a dose and time-dependent intracellular uptake of
this nanoparticle. The concentration of CNDs used in this experiment was found to not
affect cell viability. CNDs as low as 0.03 mg/mL significantly inhibited TNF-x-mediated
expression of IL-§ and adhesion molecule ICAM-1, two key molecules that are responsi-
ble for the activation and the firm adhesion of monocytes to activated endothelial cells
for the initiation of atherosclerosis. ROS, such as hydrogen peroxide, plays an impor-
tant role in TNF-a-induced inflammation. Interestingly, we found that CNDs as low as
0.03 mg/mL effectively scavenged H,O, in a dose-dependent manner, suggesting that the
anti-inflammatory effects of CNDs are likely due to their ability to scavenge HyO, directly.
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CND treatment also increased the activity of the antioxidant enzyme NQO1 in EA.hy926
endothelial cells. These results suggest that the anti-inflammatory effects of CNDs may be
due to the direct H,O, scavenging properties of CNDs and the indirect upregulation of
NQOT1 activity in endothelial cells. However, the exact molecular mechanisms involved
are largely unknown and remain to be investigated. The possible impact of CNDs on
vascular inflammation may provide new information on the future application of CNDs as
an effective treatment for inflammatory disorders such as atherosclerosis.
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